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THE EFFECT OF COGNITIVE LIMB EMBODIMENT 
ON VASCULAR PHYSIOLOGICAL RESPONSE 
HALA ELSIR MUSTAFA OSMAN 
ABSTRACT 
 
The rubber hand illusion (RHI) is a visual-tactile perceptual illusion commonly 
used to study body ownership. In this paradigm, a rubber hand is positioned in front of a 
participant, and the person’s real hand is hidden from sight behind a barrier. When the 
real hand and the rubber hand are stroked synchronously, individuals perceive the rubber 
hand as if it were their own; it becomes “embodied.” This illusory experience of body 
ownership is associated with multimodal integration of touch and vision. From these 
visual-tactile-cognitive mechanisms, we establish that our hands belong to us when what 
we see matches what we feel. Recently, studies have established a correlation between 
the induction of the RHI and temperature changes at the skin surface. Interestingly, when 
the brain perceives its real limb to be “disembodied” during the cognitive illusion, the 
temperature of that real limb drops.  
The central hypothesis for the proposed study is that cognitive limb embodiment 
directly affects blood flow patterns; blood flow in a specific limb can be disrupted by 
altering the sense of the limb’s embodiment. Our rationale is that understanding the 
mechanisms underlying thermal-vascular regulation in healthy and diseased populations 
is clinically significant because blood flow can be used as a physiological marker of 
cognitive limb embodiment and may also be particularly important in identifying and 
understanding disease states.  
vii 
 
Physiological correlates of embodiment, such as temperature and blood flow 
changes, may have significant potential for quantitatively assessing various diseases. The 
first aim was to develop a modified ultrasound method to measure blood flow under the 
conditions of the RHI. In addition, the Doppler waveform indices were examined as 
physiological markers for cognitive embodiment. The second aim was to investigate the 
link between temperature changes and blood flow during cognitive limb embodiment. 
Taken together, this work seeks to provide a comprehensive understanding of the effects 
of cognitive limb embodiment on vascular physiological response. 
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CHAPTER I 
INTRODUCTION 
1.1 Motivation 
Embodiment can be defined as the perception that our body (or parts of our body) 
belong to us (Longo et al., 2008). It has been established that bodily experience is a 
multifaceted process that requires the integration of multiple sensory inputs (Giummarra 
et al., 2008), and this line of investigation has been closely tied to vision, touch, and 
proprioception (the sense of where our body is in space) (Tsakiris, 2010). However, the 
contributions of touch and vision have been the most extensively investigated. This visual 
and tactile sensory integration has been studied widely through a perceptual phenomenon 
called the rubber hand illusion (RHI).  
In the RHI paradigm, a rubber hand is positioned in front of a participant, and the 
person’s real hand is hidden from sight behind a barrier (Botvinick and Cohen, 1998).  
When the real hand and the rubber hand are stroked synchronously, participants perceive 
the rubber hand as belonging to their body; at this point, the actual hand becomes 
“disembodied” and the rubber hand becomes “embodied.” Hence, embodiment can be 
defined as the state when what the individuals see matches what they feel.
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Through the cognitive mechanism of visual-tactile integration, the brain can 
derive body representation and determine that the rubber hand belongs to the participant 
(Ratcliffe and Newport, 2017). Interestingly, studies have also suggested that people 
undergo a physiological response during the RHI. A correlation between the induction of 
the RHI and skin surface temperature changes has been revealed; when a limb becomes 
disembodied during the RHI, the temperature of that limb drops (Moseley et al., 2008; 
Marasco et al., 2011).  
Blood perfusion is a primary component of the body’s thermoregulatory system. 
In other words, skin blood vessels dilate in direct response to heat and constrict in direct 
response to cold. Thus, to maintain blood flow and regulate body temperature, skin 
perfusion must be responsive to temperature differences (Colberg et al., 2005). Despite 
the fact that numerous studies have been conducted to investigate the RHI and changes in 
skin surface temperature, the link between skin surface temperature and blood flow while 
a person is under the effects of the RHI has not been established.  
Each blood vessel has its own blood flow pattern which indicates the anatomical 
and physiological needs of the organ supplied by the vessel (Pries et al., 2005). Thus, 
blood flow pattern reflects the vessels’ status in normal and disease conditions. 
Therefore, investigating blood flow at a specific vessel under the effect of various stimuli 
is imperative because flow could be used as a physiological measure of 
embodiment/disembodiment.  
Newer imaging techniques (e.g., thermography, ultrasonography, laser Doppler 
flowmetry [LDF], and near-infrared spectroscopy [NIRS]) are all being adapted to 
measurements of blood flow.  
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1.2   Specific Aims  
Ongoing research is moving towards a better understanding of the mechanisms of 
regulating skin blood flow, as these mechanisms are often damaged in many diseases. 
The central hypothesis is that blood flow in a specific limb can be altered by disrupting 
the sense of embodiment. The rationale for this research is that understanding the 
mechanisms underlying thermal-vascular regulation in healthy populations is clinically 
significant because estimation of the temperature-blood flow association can provide 
useful information for the diagnosis of various diseases. The link between blood flow and 
skin surface temperature changes during cognitive embodiment has not yet been 
established.  
The first aim of this study was to quantify the relative change in volume flow 
during the RHI. To do this, a modified Doppler ultrasound method was developed. Then, 
the estimated Doppler blood flow was measured by using the modified method under the 
effect of the RHI. In addition, two Doppler waveform indices – pulsatility index (PI) and 
resistive index (RI) – were examined for potential use as physiological measures of 
cognitive embodiment.  
The second aim of this study was to investigate the link between temperature and 
blood flow changes during the RHI by using three physiological measures: (1) a 
physiological infrared thermal imaging system to capture variations in skin temperature 
in the hand; (2) near-infrared spectroscopy (NIRS) to measure tissue blood flow in the 
forearm; and (3) laser Doppler flowmetry (LDF) to measure the skin blood flow in the 
hand. The objectives of the studies done for this thesis are twofold, as shown in Figure 1.
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1.3   Significance of Research 
The key contribution of our first study is that using the noninvasive modified 
ultrasound method provides a means of linking volumetric flow quantification to thermal 
changes that occur under the cognitive embodiment. Doppler waveform indices such as 
PI and RI reflect important physiological information that can be used as tools in the 
clinical evaluation of disease. These indices have particular advantages over the blood-
flow-velocity measurement, as the need for the Doppler angle correction and the vessel 
diameter measurement was nullified when these indices were calculated in the ultrasound 
system. This is a significant advantage, particularly when imaging small vessels. Another 
advantage is that these indices depend on the peak-systolic, end-diastolic, and mean 
velocities, which provide more sensitivity in making a distinction between different types 
of waveforms.  
One of the primary benefits of our second study is the clinical importance of 
investigating the link between vascular and thermal changes, as it provides insights into 
the mechanisms of the RHI’s physiological correlates. Another advance is the algorithm 
we have developed to read the data images and compute the mean temperature on both 
the experimental and control hand simultaneously.  
Capturing variations in the limb’s mean skin temperature, in the whole hand from 
wrist down to fingertips, confers a significant advantage as it minimizes sources of error. 
Hence, in comparison with other techniques, this method has the advantage of continuous 
measurement throughout the experiment to ensure accuracy and reliability of the results.  
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1.4   Scope of Thesis 
This thesis is organized into five chapters. Chapter 1 presents the motivation of 
this work, as well as the significance and contribution to the field. Chapter 2 presents a 
literature review, describing RHI induction and measures. It also highlights the 
importance of quantitative assessment of vascular blood flow, provides an overview of 
the circulatory system, and illustrates some typical clinical techniques used for 
monitoring flow: Doppler ultrasound, LDF, and NIRS. In it, we address temperature 
regulation and control as well. Chapter 3 explains study 1; its purpose was to quantify the 
relative changes in blood flow and provide detailed information about how the modified 
Doppler ultrasound method was used to measure blood flow. In addition, the Doppler 
waveform indices were explored for use as physiological markers of cognitive 
embodiment. Chapter 4 describes study 2; its aim was to investigate the link between skin 
surface temperature and peripheral blood flow.  Chapter 5 summarizes the conclusion of 
this work and offers some future directions by which to continue investigating this line of 
research. 
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CHAPTER II 
BACKGROUND AND LITERATURE REVIEW 
 
2.1 Cognitive Limb Embodiment 
2.1.1   Induction of the RHI  
To induce the RHI, a rubber hand was positioned in front of the subject within an 
appropriate visual reference frame, while one of their actual hands was hidden behind a 
wooden barrier. Two paintbrushes were used to induce the illusion by stroking both the 
rubber hand and the participant’s real hand synchronously. 
One should therefore be aware of the differences between the manual and 
automated stroking, as it plays an important role in evoking the RHI effect. Some 
researchers have used manual stroking to induce the RHI (Botvinick and Cohen, 1998; 
Moseley et al., 2008; Marasco et al., 2011; Rohde et al., 2013), while others have used 
automated stroking to elicit the illusory experience (Rohde et al., 2013). These two 
experimental setups differ for example in the presence of the experimenter (in the case of 
manual strokes) and in pressure of stimulation (person versus machine). Individuals have 
shown a stronger RHI response when manual strokes were used (Rohde et al., 2013).  
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Subjects were instructed to look at the rubber hand while the experimenter 
induced the illusion by stroking both the participants’ hand and the rubber hand at the 
same time in the same way. At the end of each trial, subjects were asked to fill out a 
questionnaire and to state whether they agreed or disagreed with the statements and 
assign values on a 7-point scale ranging from ‘strongly agree’ (+3) to ‘strongly disagree’ 
(-3). Higher numerical values on these statements indicate a more vivid illusory 
experience. The self-report questionnaire is adapted from the original work done by 
Botvinick and Cohen in 1998. The questionnaire consists of two parts (Table 1). 
Table 1: Statements Listed on the Participant Questionnaire. 
Illusion Statements:  
1. It seemed as if I were feeling the touch of the paintbrush in the location where I 
saw the rubber hand located.  
2. It seemed as though the touch I felt was caused by the paintbrush touching the 
rubber hand.  
3. I felt as if the rubber were my hand.  
 
Control Statements:  
4 It felt as if my (real) hand were drifting towards the right (towards the rubber 
hand).   
5 It seemed as if I might have more than left hand or arm.  
6 It seemed as if the touch I was feeling came from somewhere between my own 
hand and the rubber.  
7 It felt as if my (real) hand were turning ‘rubbery’.  
8 It appeared (visually) as if the rubber hand were drifting towards the left (towards 
my hand).  
9 The rubber hand begun to resemble my own (real) hand, in terms of shape, skin, 
freckles or some other visual feature.  
 
The first part has three statements (Q1-Q3) that reflect the participant’s cognitive 
limb embodiment experience: (Q1) ‘It seemed as if I were feeling the touch of the 
paintbrush in the location where I saw the rubber hand’; (Q2) ‘It seemed as though the 
touch I felt was caused by the paintbrush touching the rubber hand’; and (Q3) ‘I felt as if 
the rubber hand were my hand.’  
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The magnitude of agreement with the statements indicates the strength of the 
illusion. The second part contains 6 statements (Q4-Q9) that were used as control 
statements. The statement questions were presented in a randomized order to ensure 
proper outcome. A key point to mention here is that, in order for embodiment to take 
place, two fundamental conditions must be met: first, the rubber hand and the 
participant’s real hand have to be stroked synchronously; and second, the rubber hand 
should be positioned within an anatomically and visually reasonable location. This means 
that the experience of embodiment depends on multiple sensory integration (Ehrsson, 
2005; Lane et al., 2017). In other words, when what the individuals see matches what 
they feel, embodiment happens; at that point, the actual hand becomes disembodied and 
the rubber hand becomes embodied.  
 2.1.2   Measurements of the RHI 
Typically, self-report questionnaires of the subjective illusory experience and 
proprioceptive drift distance are the most commonly used measures used for the RHI. 
The experience of the RHI has often been measured explicitly through psychophysical 
questionnaires to gauge the vividness of the illusion. Although questionnaires offer a 
quantifiable measure of participants’ experience in relation to the illusion, this method 
has its limitations, since it involves inter-individual variability of subjective illusory 
experience (Valenzuela Moguillansky et al., 2013).  
The knowledge of where our body is in space is defined as proprioception. The 
difference between where the participant’s real hand is located and where the participant 
perceives the hands to be after experiencing the RHI is known as proprioceptive drift.  
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Several studies have demonstrated that proprioceptive drift is consistent with the reported 
illusory experience, indicating that it is a valid measure of the illusion. Yet other studies 
found proprioceptive drift to be an unreliable measure (Kammers et al., 2009; Rohde et 
al., 2011; Lane et al., 2017). Therefore, more objective and dependable measures to 
investigate the effects of the RHI are needed. Implicit measures have been used to 
quantify the physiological correlates of the RHI, such as skin surface temperature.  
2.1.3   Laterality and Hand Dominance of the RHI 
A number of studies have established that handedness does not affect the 
vividness of the RHI (Ocklenburg et al., 2011; Smit et al., 2017). The experience of the 
RHI for the left and right hand in healthy populations is the same because both hands 
may have similar representation in the brain (Ocklenburg et al., 2011). Vessel diameter 
differs between both limbs, and it is significantly larger in the dominant limb (Kagaya et 
al., 2010). Thus, in this study more attention was given to the dominant limb. 
2.2  Temperature and Blood Flow 
Blood flow measurement offers critical information for the diagnosis of various 
diseases (Calamante et al., 1999). The disruption of flow outside the typical range can 
pose serious consequences for local tissue, and therefore it can be used as an indicator of 
a number of diseases, including heart disease, stroke, hypertension, and diabetes.  Recent 
advances in medical imaging provide more comprehensive techniques for blood flow 
evaluation in various diseases. Several studies have established that individuals with 
diabetes have a greater risk of vascular disease (de Galan et al., 2009).  
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Using thermal imaging as a noninvasive technique can yield valuable information 
regarding the physiological processes in the course of skin surface temperature, 
distribution, and blood perfusion (Sivanandam et al., 2012). A digital infrared thermal 
imaging system used for medical purposes (Meditherm, Cheyenne, WY) is designed to 
monitor thermal abnormalities occurring in numerous diseases, as it allows the examiner 
to visualize and quantify changes in skin surface temperature (Bagavathiappan et al., 
2010; Sivanandam et al., 2012). Thermal imaging is commonly used in the early 
detection of diabetes (van Netten et al., 2013). Since there is a great degree of thermal 
symmetry in the normal limb, subtle abnormal temperature asymmetries can be easily 
identified.  
Skin surface temperature is mainly regulated through peripheral vasoconstriction 
and vasodilation mechanisms. Although the brain controls the regulation of body 
temperature, the skin plays a major function in conserving or dissipating heat. For 
instance, the brain triggers constriction of the blood vessels within the skin when body 
temperature begins to drop below normal, which in return decreases heat loss from the 
skin surface (Berne et al., 2008). In the healthy population, there is a symmetrical dermal 
pattern across the body, which is consistent and reproducible for any individual 
(Holowatz and Kenney, 2010); thus, any noticeable difference in skin temperature can be 
identified. 
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2.3  The Circulatory System  
2.3.1   General Description  
The circulatory system consists of three independent systems that work together: 
the heart, blood vessels, and the blood itself.  There are three major types of blood 
vessels: arteries, capillaries and veins. The main function of the circulatory system is to 
transport nutrients and oxygen, to remove metabolic waste products (carbon dioxide and 
nitrogenous wastes), and to regulate blood pressure and body temperature. Early 
manifestations of diseases may be encountered in the microcirculation (Berne et al., 
2008).  
This maladjustment can occur due to either damage to the microcirculation or to 
the blood itself. The microcirculation is responsible for the distribution of blood within 
tissues, and it describes the blood flow throughout the microvasculature that comprises 
arterioles, capillaries, and venules. 
2.3.2   Why Choose the Brachial Artery? 
For the purpose of this study, we planned to focus on the brachial artery (and its 
extensions into the hand) for several reasons. Although arteries and veins both carry 
blood around the body, they differ; systemic arteries carry oxygenated blood from the 
heart to the rest of the body, whereas systemic veins carry deoxygenated blood from the 
rest of the body back to the heart.  
In normal arteries, flow velocity increases rapidly to a peak during early systole 
and decreases during diastole, when flow reversal can occur. The brachial artery (Figure 
2), a major blood vessel located in the upper arm, is the main supplier of blood to the arm 
and hand. Arterial walls are thick, while the lumen is small in diameter. 
13 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Illustration of Upper-Limb Arteries in Right Hand (Jones, 2017). 
 
Arteries are elastic and are adapted for carrying nutrients and blood away from 
the heart under considerable pressure that is needed to maintain blood flowing rapidly to 
the rest of body. Therefore, to obtain optimal results from our RHI research, we chose to 
measure changes in blood velocity in the brachial artery. 
2.3.3   Heart Rate and Blood Pressure Regulation 
From the literature, it is known that the autonomic nervous system (ANS) is 
responsible for controlling blood pressure, including contraction of the heart, peripheral 
resistance of blood vessels, and the heart rate. Two major branches of the ANS work 
together: the sympathetic nervous system (SNS) and the parasympathetic nervous 
system (PNS). One can define blood pressure as the force the blood exerts against the 
walls of arteries. Systolic pressure (the pressure at the peak of ventricular contraction) is 
the pressure as the heart beats and forces blood into the arteries; diastolic pressure occurs 
14 
 
 
when ventricles relax, and it is a measure of the pressure as the heart relaxes between 
beats (Berne et al., 2008). A normal blood pressure reading is 120/80 mm Hg. The 
normal heart rate is defined as the number of heart beats per minute (bpm).  
Heart rate (HR) and mean arterial pressure (MAP) are controlled by both SNS and 
PNS. Blood pressure and vessel diameter are inversely related. In other words, during 
increasing vessel vasodilation, arterial pressure is reduced, and arterial pressure is 
increased during decreasing vessel vasoconstriction (Berne et al., 2008).  
2.4  Ultrasound Imaging  
For a two-dimensional imaging system such as ultrasound, spatial resolution 
comprises axial and lateral components (Figure 3). Axial resolution provides useful 
information that specifies the imaging system’s capability to measure tiny features 
precisely. A key point is that while having a greater axial resolution is a positive feature, 
there is a trade-off with imaging depth; the shorter the wavelength, the higher the spatial 
resolution and the higher the imaging frequencies, but lesser penetration. Thus, a 
relatively lower-frequency linear transducer is used to ensure a better penetration to 
image deeper structures in the brachial artery. In contrast, the ultrasound pulse attenuates 
more quickly as frequency increases, which then limits imaging depth (Maulik, 2005). 
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Figure 3: Different Ultrasonic Beam Resolution. 
 
In other words, the speed at which the returning echo reaches at the transducer is 
proportional to the depth of the scattering boundary. 
2.4.1   Pulsed Wave Doppler  
Pulsed-wave (PW) Doppler sonography uses the Doppler principle that moving 
objects change the characteristics of the sound waves generated. The PW technique 
employs piezoelectric ceramic elements of the transducer that emit and receive ultrasonic 
waves in pulses. It is established that piezoelectric materials are designed to generate and 
detect sound waves (Maulik, 2005). The same transducer is used for transmission and 
reception of these ultrasonic signals. The number of pulses per second is known as the 
pulse repetition frequency; this factor depends on depth and velocity (Maulik, 2005). 
16 
 
 
That is because the system calculates the time between transmitting and receiving the 
signals (time-of-flight) corresponding to a specific position and location on the vessel 
(Figure 4).  
 
 
 
Figure 4: Pulsed Wave Doppler. 
 
Therefore, the flow measurement information is determined based on the size and 
location of the Doppler gate size in the longitudinal direction (axial resolution). 
2.4.2   Doppler Waveform Indices 
The Doppler spectrum is defined as a time-velocity waveform that represents 
variation in blood-flow velocities during the cardiac cycle, as shown in Figure 5. These 
velocity distributions serve as diagnostic parameters in evaluating blood flow and 
pathophysiology (Nelson and Pretorius, 1988). The Doppler spectrum is used to reflect 
the physiological condition of the organ that is supplied by the vessel.  
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Figure 5: Display of Doppler Spectrum. 
 
Doppler waveform analysis is frequently used as a diagnostic tool in the clinical 
assessment of disease and can be expressed by relatively simple waveform indices. The 
commonly used waveform indices are the PI and RI. The PI can be defined as the 
measure of variability of blood velocities within the vessel (Petersen et al., 1997), equal 
to the difference between the peak systolic (PS) and minimum diastolic (ED) velocities 
divided by the mean velocity (Vm) during the cardiac cycle (Eq. 1).  
 
𝑃𝑢𝑠𝑎𝑡𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑃𝐼) =
𝑃𝑆 − 𝐸𝐷
𝑉𝑚
 
(1) 
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The RI, developed by Léandre Pourcelot, can be defined as a measure of pulsatile 
blood flow that reflects the resistance to blood flow caused by the microvascular bed 
distal to the site of measurement (Eq. 2).  
 
𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥 (𝑅𝐼) =
𝑃𝑆 − 𝐸𝐷
𝐸𝐷
 
(2) 
The RI has been used as a marker of renal function and pathology in kidney disease 
(Sung et al., 2017), where the normal RI range is 0.50-0.70; any higher or lower value 
may point to a disease state (Hanamura et al., 2012). Additionally, the RI and PI are 
reliable for evaluating peripheral vascular disease (Lin and Spratt, 1997); these two 
indices also provide information about blood flow and vascular resistance that is difficult 
to obtain from the velocity measurement alone (Chavhan et al., 2008).  
Differences in peak systole and peak diastole frequently reflect important 
physiological information that can be represented by the waveform indices RI and PI. 
Hence, within the context of the RHI, the RI and PI can potentially be used as diagnostic 
tools to reflect physiological responses under the effect of external stimuli. 
2.5  What Remains Unknown? 
Many questions remain unanswered in regard to the perceptual illusion and 
physiological changes related to characteristics of blood flow measurement. For example, 
“How can we best estimate blood flow under the effect of the illusion?” The answer to 
this question involves the use of PW Doppler ultrasound and can be applied to measure 
blood flow responses under different conditions. Additionally, the obtained information 
can be used to explore Doppler waveform indices as physiological markers of the sense 
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of embodiment. Other unanswered questions are “How are blood perfusion and skin 
surface temperature related during the cognitive limb embodiment? What is the 
connection between the temperature and blood flow changes during the RHI?” Gaining 
an understanding of these concepts will offer insights into the mechanisms of the RHI’s 
physiological correlates. Here, we can examine the effects of peripheral vasoconstriction 
on blood pressure and HR, and how these are related to vessel diameter. Clinically, this 
information will allow us to recognize the crucial role of peripheral resistance in 
influencing local blood flow. The questions presented can be answered through an 
investigation into the effect of cognitive limb embodiment on vascular physiological 
response. 
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CHAPTER III 
QUANTIFICATION OF ESTIMATED DOPPLER BLOOD FLOW 
3.1  Introduction 
Doppler ultrasonography is an accurate, noninvasive method for investigating 
volume flow and diagnosing a range of diseases that influence blood flow (Sung et al., 
2017). It is a technique that provides critical information on underlying physiological 
processes in healthy and diseased populations. The central research goals of Doppler 
ultrasonography are to offer accurate and reliable measurement of blood flow through the 
arteries (Evans, 1985; Casey et al., 2008).  
Several studies have established that measurement of the cross-sectional area of a 
vessel is critical to volume flow estimation when using the Doppler ultrasound technique 
(Li et al., 1993; Kagaya et al., 2010). In both vascular research and pharmacologic 
studies, measurement of blood vessel diameter is a standard technique by which to 
compare vasoconstriction before and after treatment (Fischer et al., 2010). Blood vessels 
can change structure in response to various conditions to meet functional demands 
(Nelson and Pretorius, 1988).  
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Tracking changes in vessel diameter is a time-dependent process that requires 
high accuracy of measurements (Hiltawsky et al., 2003). Variations in arterial diameters 
throughout the cardiac cycle (Evans, 1985) make it challenging to estimate blood flow 
and may introduce errors. Many studies have documented errors associated with blood 
flow estimation using ultrasound (Gill, 1985; Hoskins, 1990; Zierler et al., 1992). Errors 
in measurement of volume flow from an ultrasound system result from errors in velocity 
and area determination (Zierler et al., 1992). These recognized inaccuracies have 
encouraged study into modified measurement techniques to reduce these sources of error 
(Berg et al., 2000; Rubin et al., 2001; Hoyt et al., 2009).  
Since the use of an ultrasound system to achieve accurate quantitative blood flow 
measurements is exceedingly beneficial for clinicians and researchers, substantial effort 
to reduce these sources of error are still needed (Hoyt et al., 2009). There is an unmet 
need for an accurate and reliable approach to obtaining quantitative blood flow 
measurements. 
To measure blood flow velocity within the blood vessel, ultrasound waves are 
transmitted into a vessel and the sounds reflected from the blood are detected. The 
velocity is determined from the Doppler shift frequency. A frequency shift (Doppler 
shift) is described in Eq. 3: 
  
𝐹𝑑 = 𝐹𝑟 − 𝐹0 =
2 ∗ 𝐹0 ∗ 𝑉𝑚 ∗  𝑐𝑜𝑠ɵ
𝑐
 
 
 
(3) 
where F0 is the transmitted frequency, Fr is the received frequency, Fd is the Doppler 
shift, Vm is the flow velocity, c is the speed of sound, and theta (θ) is the Doppler angle. 
The original frequency is multiplied by 2 since the Doppler shift occurs twice: when the 
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transmitted wave is incident on the moving red blood cell and when the moving red blood 
cell reflects it back. Local blood flow is affected by changes in arteriolar constriction; the 
smooth muscle contracts, leading to a decrease in the vessel diameter. Three main factors 
determine the resistance to flow. 
According to Poiseuille’s equation 𝑹 = ƞ𝑳/r4, vessel resistance (R) is directly 
proportional to the length (L) of the vessel and the viscosity (ƞ) of the blood, and 
inversely proportional to the radius to the fourth power (Berne et al., 2008). A small 
change in vessel diameter leads to a large change in resistance. For instance, if the vessel 
is decreased by half, blood flow is reduced by factor of 16. One study established that 
changes in arterial resistance occur from alterations in blood-vessel diameter (Hoskins et 
al., 2017).  
To measure blood flow in a given region, vessel diameter is calculated. It is 
commonly established by researchers that blood vessels have a circular cross-sectional 
area (𝐴 = 𝜋𝑟2), where r equals the radius. Thus a measure of blood flow can be 
calculated from a measure of the radius (Eq. 4).  
 
Typically, blood-flow calculations involve measuring the mean velocity (Vm) of flowing 
blood within a vessel, multiplying that mean by the cross-sectional area of the vessel 
lumen, then multiplying by 60 to convert to minutes. 
 
 
 
𝐵𝑙𝑜𝑜𝑑  𝐹𝑙𝑜𝑤(𝑚𝑙 𝑚𝑖𝑛⁄ ) = 𝑀𝑒𝑎𝑛 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑐𝑚 𝑠𝑒𝑐⁄ ) ∗ 𝐴𝑟𝑒𝑎(𝑐𝑚2) ∗ 60 
 
(4) 
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3.2  Issues with the Standard Blood Flow Measurement 
Even though the standard method of measuring blood flow has been used by 
numerous researchers in several disciplines, we determined that it was not appropriate for 
our study for several reasons. Using Doppler ultrasound to determine volume flow in a 
region requires the Doppler gate to be exactly placed to encompass the whole blood 
vessel. However, this is not possible (Evans, 1985), particularly for the purpose of this 
study, which is to quantify the relative changes in volume flow in the brachial artery 
(longitudinal direction) under the effects of the RHI.  
One of the major concerns about using the standard method for our study was the 
technical difficulty in keeping the ultrasound transducer in a position to encompass the 
vessel diameter throughout the experiment to allow us to detect blood flow under the 
effect of the illusion. Additionally, it is nearly impossible to eliminate the slight but 
unavoidable arm-shifts while still maintaining throughout the entire experiment more 
accurate and reliable measurements on the exact region being examined. As soon as 
movement occurs, data will be inaccurately recorded or lost.  
In our earlier preliminary studies, collecting flow velocities for even a few 
minutes was impractical and induced fatigue. Moreover, correct estimation of the angle 
between the ultrasound beam and blood flow direction is problematic, and any errors can 
be magnified. For all the mentioned issues, the standard method is inappropriate and does 
not support the main goal of this study, which is to investigate the connection between 
the RHI and actual vascular changes. This situation highlights the need for a modified 
method to determine volume flow under the conditions of the illusion. Therefore, in this 
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first study, there were three sub-aims: (1) develop a modified method that both considers 
the induction of the RHI and the ultrasound system for measuring blood flow accurately; 
(2) quantify the relative change in volume flow in the given region per unit time; and (3) 
examine the hypothesis that waveform indices such as the RI and PI can be used to link 
these waveform indices to physiological quantities such as vascular resistance. 
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3.3   Measuring Blood Flow during the RHI:  A Modified Approach  
Our modified ultrasound method focuses on the three major aspects that affect 
blood-flow measurement when using Doppler ultrasound: (1) Doppler gate (DG), (2) 
Doppler angle (Ɵ), and (3) Doppler vertical length (DL), as illustrated in Figure 6. 
 
 
Figure 6: The Standard Method for Blood Flow Measurement. 
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3.3.1   Doppler Gate 
The size of the DG is a significant factor, as it determines sampling volume 
within the blood. The range of the DG size is principally governed by the size of the 
blood vessel itself; for instance, a larger vessel needs a larger DG size to encompass the 
entire vessel diameter. The location of the DG plays an important role, as it influences 
which velocity of flow contributes to the Doppler signal. In laminar flow, the blood 
velocity in the vessel’s center is greater and slowest near the vessel wall. Thus, placing 
the DG in the center provides velocity measurements that are more consistent and less 
sensitive to position change. 
It has been established that on average the brachial artery diameter equals 5 mm 
(Chami et al., 2009).  Based on various studies, it has been reported that a waveform 
typically is seen in vessels with a diameter of <5 mm (Chavhan et al., 2008; Chami et al., 
2009). Additionally, from our initial developmental trials, we learned that the DG should 
be placed in the center of the vessel. It has been established that arterial diameter varies 
throughout the cardiac cycle (Evans, 1985), so these variations may alter the type of flow 
and thus the associated velocity distributions (e.g., laminar, turbulent, flat), so a change in 
DG size affects the blood flow, waveform, and velocity distribution measurements 
(Nelson and Pretorius, 1988).  
Using different gate sizes is unsuitable when the focus of the study is to determine 
the effects of an external stimulus on blood flow and velocity measurements. Therefore, a 
DG size of 1.3 mm was used in all the flow measurements for these reasons: (1) keep the 
gate within the vessel despite participant movement; (2) avoid wall noise; and (3) 
eliminate signals from neighboring vessels.  
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3.3.2   Doppler Angle  
The angle correction of beam insonation is a very significant process by which the 
Doppler angle (θ) is estimated, as it involves aligning the angle indicator on an ultrasound 
image along the longitudinal axis of the blood vessel. The cosine of this angle is used in 
the Doppler equation (Eq. 3) for calculating velocity from Doppler shift frequency. When 
cosine θ equals 1, the ultrasound beam is parallel to the blood flow direction, and when 
cosine θ equals 0, the beam is perpendicular to the blood flow direction (no Doppler 
shift). 
The amount of the error depends on the angle used (Nelson and Pretorius, 1988; 
Zierler et al., 1992). In other words, a small Doppler angle causes a small error, whereas 
a large Doppler angle results in a great error. It is known that there is a link between error 
and angle variability; greater variability in velocity calculations occurred when different 
Doppler angles were used (Blanco, 2015). Thus, common clinical practice is to use a 
Doppler angle of 60° or less to minimize the error in angle correction. However, from our 
bench-test trials, we have learned that it is difficult to use a Doppler angle smaller than 
60° while retaining continuous velocity measures at the selected area of the brachial 
artery throughout the testing time. Therefore, to decrease the magnitude of error and 
variability of using different Doppler angles for each participant, we concluded that the 
Doppler angle should be set to a constant value of 60°.  
The intention here was to set the ultrasound transducer to align at a Doppler angle 
of 60° for all velocity measurements across all participants for consistency purposes to 
ensure the intra- and inter-individual repeatability of the approach. 
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3.3.3   Doppler Vertical Length 
It should be noted that the DG was located inside the vessel lumen rather than 
covering the whole vessel diameter, therefore we needed to find a substitute vessel 
diameter, as shown by the dotted line and noted ‘calculated vessel diameter’ in Figure 7. 
This decision was based on the Pythagorean theorem equation 𝐚𝟐 + 𝐛𝟐 = 𝐜𝟐, in which a 
represents the Doppler vertical length (DL) and c represents the fixed DG size.  
 
 
 
 
 
 
 
 
Figure 7: Modified Method for Blood Flow Measurements Under the RHI. 
 
Since the Doppler angle (60°) and DG size (1.3 mm) were known, the vertical distance 
(DL) can be calculated, as it is equal to the opposite side shown in Eq. 5. To find the DL, 
we substituted the known value of the DG size (the hypotenuse) into the Pythagorean 
theorem.  
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Then, we estimated the circular area 𝐴 = 𝜋𝑟2 by using the DL equal to the vessel 
diameter, as shown in Eq. 6. 
 
𝐷𝐿(𝑐𝑚) =
𝐷𝐺(𝑐𝑚) ∗ 𝑠𝑖𝑛 𝜃
2
 
       (6) 
Therefore, the estimated circular area can be calculated as shown in Eq. 7. 
 
𝐴𝑟𝑒𝑎 (𝑐𝑚2) =  𝜋 ∗ (
𝐷𝐺 (𝑐𝑚) ∗ 𝑠𝑖𝑛 ɵ
2
)
2
 
(7) 
Then, blood flow was calculated using the new estimated circular area, and that value 
was substituted in Eq. 2 to produce the modified Doppler blood flow (DBF) equation, 
shown in Eq. 6, as expressed in milliliters per minute. 
MAP was measured using a finger cuff on the third digit of the stimulated hand and 
expressed in mm Hg. After the DBF measurements were obtained, we then calculated the 
Doppler vascular conductance (DVC) as expressed in ml/min/mm Hg, as shown in Eq. 9. 
 𝑜𝑝𝑝𝑜𝑠𝑖𝑡𝑒 𝑠𝑖𝑑𝑒 = 𝑠𝑖𝑛  (𝜃) ∗ ℎ𝑦𝑝𝑜𝑡𝑒𝑛𝑢𝑠𝑒 (5) 
 
 
𝐷𝐵𝐹(𝑚𝑙 𝑚𝑖𝑛 )⁄ = 𝑉𝑚 (𝑐𝑚/𝑠𝑒𝑐) ∗ 𝜋 ∗ (
𝐷𝐺 (𝑐𝑚) ∗ 𝑠𝑖𝑛 ɵ
2
)
2
∗  60 
(8) 
   
 
𝐷𝑉𝐶 (𝑚𝑙 𝑚𝑖𝑛/𝑚𝑚 𝐻𝑔) = ⁄
𝐷𝐵𝐹 (𝑚𝑙 𝑚𝑖𝑛 )⁄
𝑀𝐴𝑃(𝑚𝑚 𝐻𝑔)
 
(9) 
   
30 
 
 
3.4  Potential Limitations 
This work provides an exciting opportunity to advance our knowledge with a new 
experimental application for Doppler ultrasound, as it offers some important insight to 
better understand the connection between blood flow and the RHI. Some limitations of 
this modified method may possibly be due to technical and anatomic factors.  In the cases 
where it was difficult to locate the brachial artery with a Doppler angle of 60º to obtain a 
quality image, the inverse of the Doppler angle (-60º) was used instead.  
Since the purpose of this study was to investigate the relative changes in blood 
flow within the DG size rather than the net blood flow, the retrograde flow was ignored 
and absolute velocity values were used for determining the DBF measurements. 
Additionally, this method might have been much more interesting if we had used a 
second ultrasound system on the subject’s control hand to compare the blood flow of both 
hands simultaneously. On the other hand, finding a twin-system was not possible and 
using a different system may have introduced variation. This work makes a key 
contribution to bridging the gap between cognitive limb embodiment and blood flow 
measurement.  
3.5  Methods 
3.5.1   Participants 
Twelve healthy volunteers (7 male, 5 female; all right-handed [one 
ambidextrous]; age range, 23-48 years; mean ± SD, 30.3 ± 9.01 years) were recruited 
(Table 1). Eleven participants successfully completed the experiments; one male 
participant (Par 6) was excluded due to failure to maintain the transducer in position.  
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This study was approved by the Institutional Review Board (CCF IRB#14-402). All 
participants gave their written informed consent prior to participation.   
Table 2: Characteristics of Human Subjects. 
 
 
 
 
 
 
 
 
 
 
 
 
*Data were excluded from further analysis. 
 
3.5.2   Experimental Setup  
Due to some logistics and setup limitations, multiple modalities were combined in 
one complex experiment design. The data for Study 1 and Study 2 were collected at the 
same time in one experimental setting. In Study 1, three trials for each hand were 
performed, and each trial contained 2 periods: Baseline (BL, 2 min) and Visual Tactile 
Stimulation (VTS, 6 min). In Study 2, three trials for each hand were performed, and 
each trial contained 3 periods: Baseline (BL, 2 min), Visual Tactile Stimulation (VTS, 6 
min), and Visual Fixation (VF, 2 min). 
Participants’ dominant hand (i.e., the right hand) was tested first in all 
experiments. A multichannel data-acquisition module was used to enable analog voltages 
from externally connected systems to be captured with Lab Chart software 
Participant Gender Dominant Hand 
1 Male Right 
2 Male Right 
3 Female Right 
4 Female Right 
5 Female Right & Left 
6* Male Right 
7 Mal Right 
8 Male Right 
9 Male Right 
10 Male Right 
11 Female Right 
12 Female Right 
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(ADInstruments, Colorado Springs, CO) for further analysis offline. The data generated 
from ultrasonography and thermography were collected separately in their own systems.  
3.5.3   Experimental Procedure  
The experiment was carried out in a quiet room at constant room temperature. 
Participants were seated in front of a table, with both arms placed on the table. A piece of 
memory foam was placed under the participant’s arms to minimize the effect of table-
surface temperature on the participant’s skin temperature as well as to provide comfort 
throughout the testing period (Figure 8).  
 
 
Figure 8: Experimental Setup for Measuring Doppler Blood Flow. 
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For each participant, three trials for each hand were performed. Each trial 
contained 2 periods: Baseline (BL, 2 min), Visual Tactile Stimulation (VTS, 6 min). In 
BL, participants were blindfolded and wore earplugs and headphones to block any noise 
or distraction from the surrounding area. During VTS, participants were asked to sit 
comfortably.  
The RHI was administered twice; a right rubber hand was used to induce the 
illusion onto the participant’s real right hand and a left rubber hand was used to induce 
the illusion on the participant’s real left hand. To avoid fatigue and to ensure proper 
blood flow to the tested hand, participants were instructed to move and relax their arms 
after completing their right-hand stimulation trials.  
It is well known that synchrony and asynchrony are the two types of stroking 
conditions that are commonly used to induce the illusion when performing RHI research. 
It has been reported and generally accepted that the illusion is stronger when using a 
synchronous than an asynchronous stroke. Therefore, the focus here was to use the 
synchronous stroking condition to ensure the strongest achievable difference between test 
and control conditions. Thus, in this work, we also decided to use nonstroking as a 
control condition instead of asynchronous stroking.  
A key point to keep in mind to fully appreciate our study’s experimental 
procedure is that the questionnaires commonly used to equate the strength of the RHI 
among participants reveal that the subjective experience differs among individuals. 
Therefore, in this investigation, our center of attention was to use several measures of the 
hemodynamic parameters, including blood pressure, HR, blood flow velocities, and 
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vascular conductance to detect changes in the vascular parameters. In addition, the 
relationships among these parameters are significant to our understanding of the Doppler 
information obtained in this work. 
3.5.4   Ultrasound Measurement 
Doppler ultrasound was used only on the right hand. A coupling gel was applied 
to participants’ skin to ensure proper image quality. The transducer 9L4 (2D mode, 4-9 
MHz; Doppler, 4-6.75 MHz) was appropriately placed, without compression, on the 
participant’s arm over the brachial artery. The ultrasound transducer was attached onto a 
customized 3D-printed transducer-shaped holder that was affixed onto the testing table 
by an armature to maintain the Doppler angle of 60° during the entire testing session. The 
DG with a sample gate of 1.3 mm was used in all the measurements.  
While ultrasound systems can determine blood velocities, several steps were 
needed during data collection. For instance, images were first stored onto a hard drive of 
the ultrasound system and then exported into a compatible file format known as Digital 
Imaging and Communications in Medicine (DICOM) for further image post-processing. 
Data collection processes were as shown in Figure 9. 
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3.5.5   Data Collection 
Doppler measurements of Vm, PI, and RI were collected. MAP was measured 
using a finger cuff on the third digit of the stimulated hand. HR was monitored and used 
as an internal control. The HR device was calibrated according to each participant’s 
height and weight. DBF was calculated (Eq. 6), and DVC was then calculated as shown 
in Eq. 7. Since the DVC is equal to the reciprocal of resistance, we then calculated the 
Doppler vascular resistance. 
3.5.6   Statistical Analysis 
 Statistical analysis was performed using the statistical package Minitab software 
(Minitab Inc., State College, PA). Comparison between BL and stimulation was 
conducted using a paired t test with a 95% confidence interval (CI) for mean difference. 
The results presented here are always in terms of comparison between the stimulated 
hand and the control condition as means ± standard error of the means. A significance 
level of α = 0.05 was used. 
3.6  Results  
3.6.1   Responses to Questionnaires 
The questionnaire responses were used to evaluate the participants’ experience 
when the RHI was administered on the stimulated hand. There was a significant 
difference between the embodiment and control statements (p < 0.05). For the right hand 
stimulation (Rhstim), the illusion statements (Q1-Q3) on the questionnaire received 
consistent responses (1.86 ± 0.30), whereas the control statements (Q4-Q9) received 
responses (-0.27 ± 0.23) at the 95% CI for a mean difference of (1.704, 2.56).  
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For the left hand stimulation (Lhstim), the illusion statements (Q1-Q3) on the 
questionnaire received consistent positive responses (1.89 ± 0.26), whereas the control 
statements (Q4-Q9) received responses (-0.20 ± 0.32) at the 95% CI for a mean 
difference of (1.32, 2.88). No significant differences were noted between right- and left-
hand stimulation (p > 0.05), as shown in Figures 10 and 11.   
 
 
 
 
 
 
 
Figure 10: Overall Participant Responses for Right- and Left-Hand Stimulation. 
 
 
 
 
 
 
 
 
 
Figure 11: Comparison Between Right- and Left-Hand Stimulation. 
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3.6.2   Heart Rate  
There was no significant difference in HR between BL (72.96 ± 2.55 bpm) and 
stimulation (71.57 ± 2.85 bpm) in the stimulated hand (p = 0.12) at 95% CI for a mean 
difference of (-0.44, 3.22) (Figure 12). A similar result was found when the left hand was 
stimulated (p = 0.29); BL (68.30 ± 2.36 bpm) and stimulation (68.90 ± 2.55 bpm) at 95% 
CI for a mean difference of (-1.81, 0.59).  
  
 
 
 
 
 
Figure 12: Overall Mean of Heart Rate. 
 
3.6.3   Mean Arterial Pressure 
There was no significant difference (p = 0.56) in the MAP between BL (94.18 ± 
4.89 mm Hg) and stimulation (94.25 ± 5.15 mm Hg) in the stimulated right hand at 95% 
CI for a mean difference of (-1.78, 1.01) as well as when the left hand was stimulated (p 
= 0.35), BL (93.65 ± 3.45 mm Hg) and stimulation (94.29 ± 3.13 mm Hg) (Figure 13). 
 
 
 
 
 
Figure 13: Overall Mean of Mean Arterial Pressure. 
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A negative correlation (-0.59) between overall means of MAP and HR (p = 0.002) was 
found. 
3.6.4   Mean Blood Velocity  
There was a significant difference in mean velocity (Vm) between BL (5.02 ± 
0.45 cm/sec) and stimulation (4.37 ± 0.34 cm/sec) when the right hand was stimulated 
(Rhstim shown in Figure 16); p = 0.04 at 95% CI for a mean difference of (0.04, 1.26).  
No significant difference in Vm was found between BL (4.59 ± 0.72 cm/sec) and 
stimulation (5.13 ± 0.71 cm/sec) at 95% CI for a mean difference of (-1.84, 0.78) when 
the right hand was used as a control but the stimulation was applied to the left hand (p = 
0.39) (RhCtrl shown in Figure 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Comparison of Mean Velocity change relative to baseline between hands. 
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3.6.5   Doppler Blood Flow  
We found a significant difference in DBF between BL (2.99 ± 0.27 ml/min) and 
stimulation (2.61 ± 0.20 ml/min) when the right hand was stimulated p = 0.04 at 95% CI 
for a mean difference of (0.02, 0.76). There was no significant difference in DBF 
between BL (2.74 ± 0.43 ml/min) and stimulation (3.06 ± 0.42 ml/min) when the right 
hand was used as a control and the stimulation was applied to the left hand (p = 0.39) at 
95% CI for a mean difference of (-1.10, 0.46). These findings suggest that decreased 
DBF may have been an effect of the RHI (see Figures 15-16).  
3.6.5.1    Doppler Vascular Conductance  
To find DVC, DBF was calculated as shown in Eqs. 6 and 7. Value approaching a 
significant difference was found in DVC between BL (0.032 ±0.002 ml//min/mm Hg) 
and stimulation (0.027 ±0.002 ml//min/mm Hg) when the right hand was stimulated (p = 
0.054) at 95% CI for a mean difference of (-0.00009, 0.0084). No significant difference 
was seen in DVC between BL (0.029 ±0.004 ml//min/mm Hg) and stimulation (0.033 ± 
0.005 ml//min/mm Hg) when the right hand was used as a control and the stimulation was 
applied to the left hand (p = 0.32) at 95% CI for a mean difference of (-0.012, 0.0045).  
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Figure 15: Doppler Vascular Conductance in the Stimulated Right Hand. 
 
                   
 
                  
 
 
 
 
 
 
 
 
 
 
Figure 16: Doppler Vascular Conductance in the Control Right Hand. 
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 3.6.5.2    Doppler Vascular Resistance  
DVR was calculated as the inverse of DVC. No significant difference (p > 0.05) 
was found in the DVC between BL (35.40 ± 4.44 mmHg/ml/min) and stimulation (38.80 
± 3.05 mm Hg/ml/min) in the stimulation condition at 95% CI for a mean difference of 
(-10.36, 3.56). The BL (42.17 ± 5.44 mmHg/ ml/min) and stimulation (38.33 ± 5.89 mm 
Hg/ml/min) showed a 95% CI for a mean difference of (-5.64, 13.3) in the control 
condition. 
3.6.6   Resistive Index (RI) 
In the RI, there was no significant difference between BL and stimulation in either 
the stimulated hand (BL [0.86 ± 0.01] and stimulation [0.84 ± 0.01]) at 95% CI for a 
mean difference of (-0.02, 0.07), p = 0.28, or in the control hand (BL [0.78 ± 0.02] and 
stimulation [0.79 ± 0.02]) at 95% CI for a mean difference of (-0.04, 0.03), p = 0.73 
(Figure 17, A and B). 
 
 
 
 
 
 
 
 
 
Figure 17: Resistive Index in the Right Stimulated (A) and Right Control (B) Hands.
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3.6.7   Pulsatility Index (PI) 
Similar findings held for the PI. There was no significant difference between BL 
and stimulation in either the stimulated or control hand: BL (5.04 ± 0.68) and stimulation 
(5.70 ± 0.61) at 95% CI for a mean difference of (-2.02, 0.69) in the stimulated hand (p = 
0.30); BL (6.50 ± 1.59) and stimulation (5.95 ± 0.66) at 95% CI for a mean difference of 
(-2.20, 3.32) in the control hand (p = 0.66) (Figures 18-19).  
 
 
 
 
 
 
 
Figure 18: Pulsatility Index in the Stimulated Right Hand. 
 
 
 
 
 
 
 
Figure 19: Pulsatility Index in the Control Right Hand. 
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3.7  Discussion 
The motivation of this first study included three sub-aims: (1) develop a modified 
method that both allowed the induction of the RHI and an ultrasound system for 
measuring blood flow accurately; (2) quantify the relative change in volume flow in the 
given region per unit time; and (3) examine the hypothesis that the waveform indices RI 
and PI can be used as linking these waveform indices to physiological quantities such as 
vascular resistance.  
3.7.1   Responses to Questionnaire 
Although a few studies have investigated the link between laterality and strength 
of cognitive embodiment, a statistical comparison between both hands was not mentioned 
in terms of subjective differences between the right and left hand as reported by subjects. 
Our results suggest that handedness did not influence the strength of the illusion. The 
embodiment questionnaire data confirmed that there was no statistical difference between 
the right and left hand when investigating the effect of the RHI, suggesting that the brain 
representation for both hands is the same. This finding is consistent with what has been 
found in previous studies (Ocklenburg et al., 2011; Smit et al., 2017).  
3.7.2   Blood Pressure and Heart Rate  
It is well established that blood pressure and HR are associated and controlled by 
the SNS. Our results revealed a negative correlation (-0.59) between overall means of 
MAP and HR (p = 0.002). This suggests that when an increase in arterial pressure is 
detected, the PNS is activated to reduce HR and when a decrease in arterial pressures is 
detected, the SNS is activated to increase HR.  
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In this study, blood pressure was measured using a finger cuff on the third digit of 
the stimulated hand. It has been reported that blood pressure in the vessels decreases as 
the distance away from the heart increases (Berne et al., 2008). One limitation of our 
implementation is that it is unclear whether the RHI has a global or local effect on blood 
pressure. However, this effect does seem to depend on changes in vessel constriction and 
smooth muscle contraction.  
We speculate that during the stimulation, there is an increase in peripheral 
resistance due to a reduction in the vessel diameter, thus an increase in blood pressure. 
Our findings on the effects of cognitive limb embodiment on blood pressure at least hint 
that the effects may be both local and global. To investigate the global effect, the blood 
pressure finger cuff should be placed on the control hand.  
3.7.3   Blood Flow Velocity and Vascular Conductance   
There is no previous research using Doppler ultrasound to measure blood flow 
under the condition of the cognitive illusion. A new approach was therefore needed. For 
this study, it was of interest to use the modified ultrasound approach to quantify the 
relative changes in the blood flow at the brachial artery.  
With this aim in mind, we present a modified ultrasound method that consists of 
the following aspects: DG of 1.3 mm, Doppler angle (θ) of 60°, and DL. By doing so, the 
blood velocity and blood flow may offer similar information. However, it is important to 
note that blood flow information is needed to estimate other hemodynamic parameters, 
such as vascular conductance. The data obtained from blood flow velocity measurements 
convey important information regarding the physiological processes.  
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Our data showed that blood flow velocities in the brachial artery decreased 
significantly during the stimulation (p = 0.04). This result ties in well with a previous 
study, wherein blood flow was reduced in both brachial and radial arteries; it was argued 
that this reduction may be related to increased peripheral resistance because of the 
reduction in the sympathetic tone (Takayama et al., 2012). 
 As blood flow velocity is directly related to vessel diameter; when the vessel 
become smaller, the flow velocities are reduced. Thus, the reduction in Vm in the 
stimulated hand may be caused by the RHI, as the control hand showed an increase in 
mean velocity. Regarding the vascular conductance results, we found a marginally 
significant difference (p = 0.045) between BL and stimulation during the stimulation 
condition. This finding suggests that the decreased blood flow appears to be due to a 
lower vascular conductance that is associated with the RHI, as there was no difference in 
the vascular conductance in the control condition.  
3.7.4   Doppler Waveform Indices   
Blood circulation is founded on a pulsatile system, in which velocity distribution 
and waveform indices are continuously changing. Data obtained from the Doppler 
waveform indices PI and RI provide helpful information to better understand the 
relationship between these hemodynamic parameters. It is known that pressure 
differences in the vessel and resistance to flow are the main factors affecting blood flow 
(Nelson and Pretorius, 1988). From the blood flow measurements, one can speculate 
about the role of peripheral resistance.   
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It is established that arterioles play a vital role for determining peripheral 
resistance (Chavhan et al., 2008). One can hypothesize that since vessel diameter is a key 
determinant for peripheral vascular resistance, small changes in vessel diameter lead to 
large changes in resistance. Therefore, no significant differences were found in the PI and 
RI results in either the stimulated or control hand.  
An important point to keep in mind is that the Doppler information is obtained 
from the DG (sampling volume within the blood vessel) and not from the entire vessel 
diameter. Since changes in arterial resistance occur from variations in blood-vessel 
diameter (Hoskins et al., 2017), the changes in resistance within the DG size of 1.3 might 
be too small to be detected. This may explain why there were no statistical differences in 
RI and PI in our results.  
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CHAPTER IV 
THE LINK BETWEEN TEMPERATURE AND BLOOD FLOW 
4.1  Introduction  
Recently, several studies have established a correlation between the induction of 
the RHI and skin surface temperature changes in healthy individuals (Moseley et al., 
2008; Kammers et al., 2011). Interestingly, when a limb becomes disembodied during the 
cognitive illusion, the temperature of that limb drops. This literature suggests that through 
the cognitive mechanism of visual-tactile integration, the brain can derive body 
representation and determine that the rubber hand belongs to the participant (Ehrsson et 
al., 2008; Tsakiris, 2010; Ratcliffe and Newport, 2017). It has been reported that the 
change in skin temperature between the upper limbs is a physiological correlate for the 
RHI effect (Ramakonar et al., 2011; Rohde et al., 2013). A study from our lab has 
demonstrated a link between the RHI and reduction in skin temperature with above-
elbow amputees (Marasco et al., 2011).  
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Although it is evident that the RHI may manifest both cognitively and 
physiologically, some reports in the literature suggest there is no link between skin 
temperature and the RHI. Several studies have failed to reproduce the effect of the RHI 
on skin temperature (Paton et al., 2012; Rohde et al., 2013; de Haan et al., 2017). One can 
question whether differences in the experimental procedures contributed to these 
conflicting findings, or whether the effect is so small that the noise in measuring it is 
greater than the effect itself. Our aim here is not to challenge these findings nor to 
conduct a validation study to scrutinize these findings; such a task is beyond the scope of 
this thesis. However, here we speculate on some of the factors that could be involved to 
elicit the effect of the RHI.  
Factors associated with the temperature discrepancy results may be due to 
differences in the site of measurements, the selected regions or “spots” at which the 
temperature values were recorded, and the instruments that were used to measure the 
temperature. Differences in skin structure between palmar and dorsal sites might be the 
reason for temperature variation; the palmar side of the hand is rich in arteriovenous 
anastomoses (AVAs), known for their role in thermoregulation, whereas these AVAs are 
absent in the dorsum of the hand and are few in the dorsal side of the fingers (Gardner-
Medwin et al., 1997). Therefore, different sites of measurements may yield variable 
results.   
Investigating blood perfusion and whole-hand thermography (from the wrist 
down to the fingertips) can provide insights into the mechanisms of the RHI’s 
physiological correlates. This approach may further establish quantitative measures to 
capture the embodiment experience, enabling a better understanding of the mechanisms 
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that contribute to body representation. The control of blood flow throughout human skin 
is of vital importance in the regulation of temperature. The link between skin temperature 
and the RHI has been investigated. Yet the connection between skin surface temperature 
and skin blood flow changes under the effect of the cognitive embodiment has not been 
established. 
Measuring blood flow is clinically important because it can be used as a 
physiological measure of cognitive limb embodiment and may also be predominantly 
important in diagnosing disease states. It is hypothesized that blood flow in a specific 
limb can be disrupted by disrupting the sense of embodiment. Hence, the goal of this 
study was to investigate the relationship between skin surface temperature and skin blood 
flow at the upper limbs, based on the central hypothesis that cognitive embodiment 
affects skin blood flow.  
To achieve this goal, three different modalities were combined: First, a 
physiological infrared thermal imaging system was used to capture the variations in limb 
skin temperature throughout the entire experiment. Second, NIRS was used to measure 
the amount of blood that actually flows through the capillaries of the vascular bed on the 
examined area in the forearm. Third, LDF was used to measure skin blood flow in the 
hand. 
4.2  Methods 
4.2.1   Participants   
Twelve healthy volunteers (7 male, 5 female; all right-handed (one 
ambidextrous); age range from 23-48 years; mean ± SD 30.3 ± 9.01 years) were 
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recruited. This study was approved by Cleveland Clinic’s Institutional Review Board 
(CCF IRB#14-402). Written informed consent was obtained from each subject prior to 
participation. 
4.2.2   Experimental procedure  
For each participant, three trials for each hand were performed. Three testing 
periods were conducted: Baseline (BL, 2 min), Visual Tactile Stimulation (VTS, 6 min), 
and Visual Fixation (VF, 2 min), as shown in Figure 20. The experimental setup and 
induction of the RHI were similar to the protocol followed in the first study. 
 
Figure 20: Experimental Setup for Investigating Temperature and Blood Flow. 
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4.2.3   Measuring Skin Surface Temperature Using Thermography 
A Meditherm camera (Meditherm, Inc., Cheyenne, WY) was positioned facing 
downward with a field of view that focused to include both real hands of the participant. 
Skin surface temperature measurements on both stimulated and control hands were 
evaluated continuously throughout the experiment to ensure accuracy and reliability.  
The Meditherm camera works by converting infrared radiation emitted from the 
skin surface into electrical impulses that are visualized in color on a computer monitor. 
This visual image graphically maps body temperature, and these data can be stored as 
images. The files can then be manipulated with MATLAB image processing software 
(MathWorks, Natick, MA).  
 To compute temperature, two customized MATLAB codes were developed. The 
first MATLAB code was used to compute temperature with a linear model: 𝑦 = 𝑚 ∗ 𝑥 +
𝑏, and 𝑚 =
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
18
 and 𝑏 = 𝑇𝑚𝑖𝑛 − 𝑚. The minimum temperature (Tmin) and 
maximum temperature (Tmax) were documented from the image data (Table 3). The 
second MATLAB code was used to run data from all images for a trial as one sequence 
image after selecting the regions of interest on both hands, as shown by the white dotted 
lines in Figure 21. It should be noted that the black background was eliminated to ensure 
proper mean temperature measurement. 
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Table 3: Temperature Collected from Image Data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Temperature Data Collection. 
Participant 
 
Maximum  
temperature (°C) 
Minimum 
temperature (°C) 
1 33.5 25.5 
2 35.0 27.0 
3 32.2 24.2 
4 32.2 25.2 
5 32.3 24.3 
6 33.4 25.4 
7 33.3 25.3 
8 32.2 24.2 
9 31.3 23.3 
10 31.1 25.1 
11 33.0 25.0 
12 34.0 26.0 
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4.2.4   Calculating Skin Blood Flow Using Laser Doppler Flowmetry  
LDF is a noninvasive technique that can be used to measure relative changes in 
microcirculatory blood perfusion (also known as flux). The governing principles of LDF 
are adapted from the light-wave theory described by Christian Doppler (Tabrizchi and 
Pugsley, 2000), in which a beam of laser light was led by a fiberoptic probe onto the 
tissue being examined. When the laser light hits moving blood cells, it is reflected 
(bounced back) with a different wavelength than the emitted wavelength; this change in 
wavelength is called the Doppler shift. The magnitude and frequency of the Doppler shift 
is directly related to the number of moving red blood cells and their velocity in the area 
being examined (also known as sample volume).   
LDF (moorVMS-LDF2, Moor Instruments Inc., Wilmington, DE) was used. LDF 
probes were attached to the skin with double-sided adhesive patches. Both probes were 
connected to a dual-channel LDF system to allow simultaneous monitoring of the two 
limbs. Each probe was attached to the hand on the dorsal surface between the thumb and 
the index finger. Disadvantages of LDF are that the testing area is small, and flowmetry 
cannot measure the absolute skin blood flow in a region. LDF measurements are 
expressed as perfusion units, which are arbitrary. Vascular conductance was calculated as 
LDF/MAP.  
The site of measurement plays a critical role in determining the characteristics of 
flux; for example, flux at the palmar sites of the hand is prominent. This is because, at the 
palmar site, flux would be consistent with high flow of the AVAs in the vessels, with 
fewer AVAs at the dorsal sites on the hand (Gardner-Medwin et al., 1997).  
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4.2.5   Estimating Tissue Blood Flow Using Near-Infrared Spectroscopy 
NIRS is a noninvasive technique that uses the different dynamic absorption 
patterns of near-infrared light in oxygenated and deoxygenated hemoglobin to estimate 
blood flow (Casey et al., 2008; Abay and Kyriacou, 2016). An NIRS oxygenation 
monitor (NIRO-200NX, Hamamatsu Photonics, Bridgewater, NJ) was used. NIRS has 
commonly been used as a real-time monitor of tissue oxygenation in many clinical and 
research settings. The NIRS probe has two light-emitting sensors generating two different 
wavelengths: red, 730 nm, and infrared, 810 nm (Boezeman et al., 2014).  
It has been reported that, to maintain tissue oxygenation, microcirculation has to 
direct sufficient blood flow to the tissue with higher metabolic needs (Jacob et al., 2016). 
The probes were attached to the skin with a probe holder and double-sided adhesive 
patches; they were covered with medical tape to occlude light to cancel out possible noisy 
data. Each probe was attached to a hand on the dorsal forearm. To allow simultaneous 
monitoring of tissue blood flow, both probes were connected to the dual channels of the 
NIRS. 
4.3  Statistical Analysis 
MATLAB software (MathWorks) was used to pre-process thermographic images; 
then mean temperature values for both right and left hands were calculated. Minitab 
software 17 (Minitab Inc.) was used for statistical analysis. A repeated-measures analysis 
of variance (RM-ANOVA) for mean temperature response with Bonferroni correction for 
multiple comparisons was used. A paired t test was used to compare the relative changes 
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in mean temperature between conditions (e.g., BL, VTS, and VF). A nonparametric 
Wilcoxon signed rank test was used for non-normally distributed data. 
4.4  Results  
4.4.1   Skin surface temperature  
There was a significant difference in mean temperature between the stimulated 
and control hands when using RM-ANOVA (p = 0.009), as illustrated in Figure 22. No 
significant difference was found between the conditions (BL, VTS, and VF, p > 0.05), as 
shown in Figure 23. A significant difference in mean temperature was found between the 
stimulated and control hands (p = 0.001) when using the Bonferroni pairwise for multiple 
comparisons with 95% confidence; the mean temperature for the right stimulated hand 
(28.71°C) and for the control hand (29.60°C). There was no significant interaction 
between (Hand *condition), p > 0.05. 
In addition, a paired t test was conducted to investigate the mean temperature 
differences between BL and stimulation conditions in all trials. There was no significant 
difference (p > 0.05) in the mean temperature; the BL was (28.67 ± 0.47°C) and 
stimulation (28.56 ± 0.43°C) during the stimulation condition; at 95% CI for a mean 
difference of (-0.12, 0.34).   
In the control condition, we obtained BL (29.51 ± 0.39 °C) and stimulation (29.56 
± 0.34 °C) values at 95% CI for a mean difference of (-0.36, 0.26). It should be noted that 
we collected mean temperature values when the left hand was stimulated. There was no 
significant difference in the mean temperature (p > 0.05).  These data were not included 
in this study analysis.   
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Figure 22: Temperature and Stimulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Temperature and Conditions in the Stimulated Right Hand. 
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4.4.2   Skin Blood Flow   
Data were not normally distributed; therefore, a Wilcoxon Signed Rank test on 
two paired samples was used.  There was a significant difference in skin blood flow on 
the stimulated hand (Z = -2.045, p = 0.041). The W-value is 10. The critical value 
of W for N = 11 at p ≤ 0.05 is 10. Therefore, the result is significant at p ≤ 0.05. There 
was no significant difference for the left hand control (p > 0.05). There was no significant 
difference when the left hand was stimulated and the right hand was used as a control (p 
> 0.05). 
4.4.2.1   Laser Doppler Flowmetry—Conductance  
There was a significant difference in skin LDF-conductance on the stimulated 
hand (Z = -2.31, p = 0.02). The W-value is 7. The critical value of W for N = 11 at p ≤ 
0.05 is 10. Therefore, the result is significant at p ≤ 0.05. There was no significant 
difference for the left control hand (p > 0.05). There was no significant difference when 
the left hand was stimulated and the right hand was used as a control (p > 0.05). The 
interaction between the conditions showed no significant difference (p > 0.05) in either 
left or right hand, as illustrated in Figures 24 and 25.  
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Figure 24: Stimulated Hand LDF-Conductance 
 
 
 
 
Figure 25: Control Hand LDF-Conductance 
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4.4.3   Tissue Blood Flow 
For oxygenated hemoglobin (OHB), there was no significant difference in tissue 
blood flow on the right stimulated hand (Z = -1.68, p = 0.09) and no significant 
difference for the left control hand (p = 0.60). A difference approaching significance was 
found when the left hand was stimulated and the right hand was used as a control (p = 
0.05).   
For total hemoglobin (THB), there was no significant difference in tissue blood 
flow on the right stimulated hand (Z = -1.88, p = 0.06) and no significant difference for 
the left control hand (p = 0.80). There was no significant difference when the left hand 
was stimulated and the right hand was used as a control (p > 0.05).   
4.5  Discussion 
The motivation of this second study was to investigate the link between 
temperature and blood flow changes during the RHI by using three physiological 
measures on different measurement sites: a physiological infrared thermal imaging 
system to capture variations in skin temperature in the dorsal side of the hand; LDF to 
measure the skin blood flow in the hand (in the dense tissue area between the thumb and 
the index finger); and NIRS to measure tissue blood flow in the forearm.  
 4.5.1   Skin Surface Temperature  
Here, we used infrared thermography to measure the mean temperature in the 
dorsal side of the hand from the wrist to the fingertips. As expected, a significant 
difference was found in mean temperature between the stimulated and the control hands. 
These results are in line with those of previous studies.  
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From our own work, it is established that changes in skin temperature are related 
to the RHI-facilitated limb cognitive embodiment (Marasco et al., 2011). It has been 
reported that the RHI induces a decrease in hand temperature of about one fourth of a 
degree (Moseley et al., 2008). However, the relative changes in mean temperature 
between the conditions (BL, VTS, and VF) were expected to be too small to be detected. 
Therefore, we documented no statistical difference between conditions. We found a 
statistical difference on the stimulated but not the control hand, as our mean temperature 
data confirmed that. Therefore, the most likely explanation is that this is due to the effect 
of the RHI on physiological responses such as changes in temperature and blood flow 
that occur due to disembodiment of the actual limb and embodiment if the rubber hand. 
To conclude, the difference in mean temperature during the stimulation showed the effect 
of the RHI.  
4.5.2   Skin Blood Flow 
Our results showed a significant difference in skin blood flow and skin LDF-
conductance in the stimulated hand, with no significant difference for the control hand. 
From a study that investigated changes in blood flow using LDF, it is confirmed that 
LDF-flux can be used as an indicator of reduction in blood flow due to vasoconstriction 
(Abay and Kyriacou, 2016). This may suggest that skin blood flow (and thus LDF-
conductance), reduced on the stimulated hand, is due to the decrease in vessel diameter 
caused by the effect of the RHI.  
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4.5.3   Tissue Blood Flow  
For tissue blood flow, the relative changes in the amount of oxygenated 
hemoglobin and total hemoglobin in the dorsal forearm were not significant between the 
stimulated and the control hand. One explanation might be that the rate of blood flow is 
slowest in the capillaries to allow time for the exchange of gases and nutrients. In 
addition, blood flow differs inversely with the total cross-sectional area of the blood 
vessels; as the total cross-sectional area of the vessels increases, flow decreases. This 
may explain why our tissue blood flow findings showed no statistically significant 
difference. Furthermore, when comparing forearm to the hand to the finger tips, blood 
flow may vary, depending on the vascular anatomy of the skin. For instance, the number 
of AVAs present in the forearm is less than those in the hand. It has been reported that 
blood flow in the forearm plays no major thermoregulatory role as the AVAs are fewer 
(Johnson et al., 1986). The same conclusion was confirmed by another study of blood 
flow in different locations; investigators found that the blood flow in the fingertips is the 
highest but lowest in the forearm (Ikawa and Karita, 2015). 
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CHAPTER V 
CONCLUSIONS AND FUTURE WORK 
5.1  CONCLUSIONS 
Although the technique to induce the RHI is simple, the cognitive physiological 
responses are profound. Our findings support the central hypothesis that blood flow in a 
specific limb can be altered by disrupting the sense of embodiment. The main conclusion 
that can be drawn is that the decreased blood flow appears to be due to a lower vascular 
conductance that is associated with the RHI effect.  
To our knowledge, this study is the first study to use the Doppler ultrasound 
technique to measure the relative changes in blood flow under the effect of cognitive 
embodiment in a healthy population. Therefore, there was a need to develop a new 
approach by both modifying the standard ultrasound method to measure blood flow while 
ensuring the induction of the illusion to meet the main goal of this work.  However, the 
limitations of the present approach naturally include factors such as participants’ 
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movement and fatigue due to the comprehensive investigation. As we have argued 
elsewhere, our modified approach hold a promising aspect of blood-flow measurement 
under the effect of cognitive embodiment. Ideally, these findings should be replicated in a 
study where the goal is to investigate the relative changes in blood flow rather than the 
net flow under the effect of external stimuli. Our results have significant implications for 
individuals’ health as it relates to both cognitive and physiological responses. 
In the second study, we found a reduction in mean temperature and skin blood 
flow in the stimulated hand. There has not been an investigation to combine all three of 
these blood-flow-monitoring modalities to examine thermal and vascular changes under 
the condition of cognitive embodiment. Our results of this second study support our 
hypothesis that there is a link between skin temperature and blood flow. 
The overall hypothesis for this study was that the blood flow can be altered by the 
sense of cognitive embodiment. From previous literature, it is evident that the RHI may 
manifest both cognitive and physiological effects. Taking our data altogether, these 
results confirmed our hypothesis and showed that disruption of blood flow can be 
attributed to the effects of the RHI.   
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5.2   FUTURE WORK 
With the success of our investigation in finding a link between the RHI and 
vascular changes, we realized the power of cognitive illusions can be used as a technique 
to provide useful information about the characteristics of vessel constriction under an 
external stimulus. Importantly, this line could lead us to another very interesting research 
focus point that encouraged us to ask whether there is an association between vessel 
constriction and the strength of the illusion. Thus, the next focus of research attention 
could be on capturing changes in vessel diameter during cognitive limb embodiment with 
the aim of investigating the potential relationship between the strength of the illusion and 
the magnitude of vessel-diameter constriction.  
To obtain accurate vessel-diameter measurements, several steps should be 
considered. Data could be recorded and saved as sequential image clips in the ultrasound 
system. Images then can undergo post-processing (e.g., edge-detection techniques) to 
identify the regions of interest, and measures of vessel diameter can be taken for further 
analysis. We anticipate that the strength of the RHI will correlate with changes in vessel 
diameter: the more strongly the participant feels the illusion, the greater the reduction in 
vessel diameter.  
Current microcirculation studies have used vessel-diameter measurements to 
gauge the effects of various stimuli (Lee et al., 2009). As has been reported in the 
literature, peripheral vasoconstriction may be caused by sympathetic stimulation (Archer 
et al., 1984). Yet there is no research investigating the link between vessel constriction 
and cognitive limb embodiment.  
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Capturing blood-flow characteristics offers a better understanding of vascular 
physiological changes because changes in vascular perfusion may reflect a physiological 
response such as thermoregulation or a pathologic response. For instance, alteration of 
blood flow is one of the main causes of diabetic complications (Argoff et al., 2006; 
Bagavathiappan et al., 2010), which often lead to ulceration and amputation (Sumpio, 
2000; Feng et al., 2009).  
Further extensions of this work may help not only to unlock improved 
mechanistic understandings of the underlying metabolic changes such as in diabetes but 
also to determine new avenues for therapeutic intervention. 
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